Introduction
Drosophila Ets homolog pointed and the AP-1 protein D-Jun both lie at the endpoint of the Ras/MAP kinase The phenotype of a differentiated cell is ultimately detersignal transduction pathway (Bohmann et al., 1994 ; mined by the set of its active genes. Since the execution Brunner et al., 1994; O'Neill et al., 1994) and cooperate of a particular gene-expression program is only rarely in the induction of R7 photoreceptor cells (Treier et al. , triggered by a single "master gene," it has been pro-1995). AP-1-like factors have recently also been impliposed that this usually requires the combinatorial action cated in erythroid differentiation. Thus, several erythroid of several transcription factors (Ness and Engel, 1994;  promoters have been shown to contain functionally rele- . It has been assumed that this is due to the vant binding sites with a core AP-1 recognition sesimple additive effect of the factors present, and also quence (Higgs and Wood, 1993) . These sites are recogthat it involves protein-protein interactions that can furnized by the heterodimeric transcription factor NF-E2, ther modify the activities of the individual partners and which consists of two bZip-type factors, a hematopoithus increase the options for activation of diverse geetic-specific 45 kDa subunit (Andrews et al., 1993a ; Ney netic programs. Such regulatory interactions with other et al., 1993) and a broadly expressed 18 kDa subunit that factors are well described for the Ets proteins, a family belongs to the AP-1-related Maf family of transcription of transcription factors containing a characteristic helixfactors (Andrews et al., 1993b; Igarashi et al., 1994) . turn-helix DNA-binding domain (Janknecht and Nord- In the present study, we have searched for direct heim, 1993; Treisman, 1994) . For example, complex forprotein interaction partners of Ets-1 that might modify mation of the Ets protein Elk-1/SAP-1 with serum its activity, using a yeast one-hybrid screen. We have response factor dimers is critical for regulation of the identified MafB, a bZip protein of the Maf family, as such c-fos promoter (Dalton and Treisman, 1992) ; the Etsa partner. This protein is highly expressed in myelomorelated protein GABP␣ forms heterotetramers with nocytic but not in erythroid cells. Its overexpression in GABP␤ to activate immediate early promoters of HSV-1 erythroblasts inhibits transactivation of the transferrin (LaMarco et al., 1991) ; and the association of the Ets receptor gene by Ets-1 and represses erythroid differenfamily member Pu.1/Spi-1 with NF-EM5/Pip1 is importiation. These results demonstrate a functional interactant for the regulation of immunoglobulin light chain tion between members of the Ets and Maf protein famienhancers (Eisenbeis et al., 1995) .
lies in the hematopoietic system and suggest that the Much less is known about protein partners of Ets-1, repression of Ets-1 by MafB plays a role in the regulation the founding member of the family. Ets-1 occurs in two alternatively spliced isoforms, p54ets-1 and p68
ets-1 , of lineage-specific gene expression.
of specifically binding DNA (Lim et al., 1992) . To obtain a reporter plasmid, we inserted five multimerized Ets binding sites (EBS) from the polyoma virus enhancer into a minimal cyc-1 promoter controlling a lacZ gene ( Figure 1A , map 3). We constructed a cDNA library, as a source of potentially interacting proteins, from the quail cell line QT6 in a yeast expression vector tagged with the transcriptional activation domain from VP16 of HSV ( Figure 1A , map 4). We chose QT6 cells because transient transfection experiments suggested that they contain cofactors that can modulate Ets-1 activity (Lim et al., 1992) . The screen was performed by transforming the library into a yeast strain containing both the reporter and the Ets⌬TA constructs. To avoid counterselection of colonies in which protein interactions would result in a growth disadvantage, cells were initially plated on glucose medium, where the transcription of the bait and the cDNA clones was repressed until small colonies had formed. These were then shifted to galactose medium to induce expression of the Ets⌬TA and the library constructs (which were both controlled by gal-responsive promoters). Of 1.2 ϫ 10 6 primary transformants screened, 58 clones were scored positive after two rescreens. In subsequent plasmid loss experiments, we identified 5 clones that were dependent on both the Ets-1 construct and the library plasmid for reporter activity. One of these clones (99) was selected for further characterization. Analysis of the other clones is in progress and will be published elsewhere.
An Ets-1 Interacting Clone Encodes a bZip Protein of the Maf Family
To confirm that the activation of the reporter construct truly required the interaction of clone 99 with Ets-1, we an in-frame fusion of VP16 with the major part of a bZip (MafB) . A reporter construct with or without EBS was coexpressed with Ets⌬TA and VP16-tagged cDNA of clone 99 (MafB) or the correprotein of the Maf family. cDNA sequences encoding sponding empty vector in the indicated combinations. ␤-galactosithe missing 28 N-terminal amino acids and the 5Ј undase activity was measured in a quantitative enzyme assay. translated region of the gene were cloned by a nested polymerase chain reaction (PCR) approach from the same cDNA library. Sequence comparisons showed alResults most complete identity to chicken MafB (Kataoka et al., 1994) and high homology to the product of the murine Identification of cDNA Clones Encoding kreisler gene (Cordes and Barsh, 1994) with a 99.0% Ets-1 Binding Proteins with a Yeast and 84.8% sequence identity at the amino acid level One-Hybrid Screen and a 97.7% and 80.9 % identity at the nucleotide level, We designed a yeast one-hybrid screen with an Ets-1 respectively. bait that, unlike those used in standard two-hybrid approaches, does not involve a fusion to a heterologous DNA-binding domain, because we reasoned that a DNAEts-1 and MafB Interact in Solution and in Vertebrate Cells bound Ets-1 molecule would more faithfully detect authentic interactions with other transcription factors. As
To determine whether Ets-1 also directly interacts with MafB in solution, a glutathione S-transferase (GST) pulla bait, we constructed an Ets-1 molecule of p68
ets-1 lacking the two transactivation domains (Schneikert et al., down assay was employed. For this purpose, a fusion of Ets⌬TA with the C-terminus of GST was immobilized 1992; Ets⌬TA; Figure 1A , maps 1, 2) that was still capable Figure 2A , lane 9, MafB bound to GST-Ets⌬TA. In contrast, GST alone or GST fused to other proteinEts-1. Proteins complexed with Ets-1 were then eluted with 1 M NaCl, reprecipitated with an ␣-HA antibody protein interaction domains, such as the c-Src SH3 domain or the Fyn unique domain, failed to retain MafB and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). As shown in Figure 2B , MafB could be ( Figure 2A, lanes 6-8) . Likewise, in vitro translated fulllength Ets-1 did not bind to GST-Ets⌬TA (Figure 2A , reprecipitated when the cells had been transfected with both Ets-1 and MafB constructs (lane 1), but not when lanes 4 and 5).
they had been transfected with either of them alone (lanes 2 and 3). Identical results were obtained when MafB was detected by Western blotting of the Ni 2ϩ matrix-bound material (data not shown).
Ets-1 and MafB Interact via Their DNA Binding Domains
To localize the interaction site on Ets-1, we generated GST fusion constructs of several Ets deletion mutants and tested them for binding of in vitro translated MafB ( Figure 3A ). Whereas the C-terminal deletions abolished interaction (constructs 116 and 117), the N-terminal deletion of amino acids 282-377 (construct 118) showed full binding activity, indicating that the exon VII domain, expression increased dramatically after temperature
MafB Is Specifically Expressed in Myelomonocytic Cells
shift. The specific expression of mafB in myelomonocytic cells was also confirmed in normal cells. Both periTo uncover the functional consequences of the interaction of MafB with Ets-1, we first analyzed the expression toneal and bone marrow-derived primary chicken macrophages strongly expressed mafB ( Figure 4D , lanes 2 pattern of mafB mRNA in various chicken tissues. We found high expression levels in bursa, gut, liver, and and 3). In addition, mafB message was detected in density gradient-separated bone marrow fractions that spleen; intermediate levels in bone marrow; low levels in brain; and none in skeletal muscle and heart (Figure were enriched for myelomonocytic cells ( Figure 4D , lanes 6 and 7). Finally, MafB protein could also be de-4A). Whereas mafB was expressed in the QT6 cell line ( Figure 4B , lane 1), it could not be detected in primary tected in HD11 macrophages by Western blotting using cross reacting anti c-Maf antibodies (data not shown). chicken embryo fibroblasts (CEF; Figure 4D , lane 1). We also analyzed several chicken cell lines representing Since Ets-1 expression in myelomonocytic cells has not yet been reported, we analyzed whether Ets-1 was various hematopoietic lineages. Whereas mafB message was found to be highly expressed in the monoblast co-expressed with MafB in these cells. As shown in Figure 4E , Ets-1 is indeed expressed in both the mo-BM2C2 and the macrophage HD11 cell line, it could not be detected in B cell, T cell, erythroblast, multipotent noblast cell line BM2C2 and in peritoneal and bone marrow-derived primary macrophages. progenitor, eosinophilic, or promyelocytic cell lines (Figure 4B ). Weak expression was also found in primary E26-transformed myeloblasts ( Figure 4C, lanes 1-3) . To
MafB Inhibits Transactivation by Ets-1 To elucidate whether MafB has an effect on the transdetermine whether changes in expression levels of mafB occur during myelomonocytic differentiation, we anaactivation capacity of Ets-1, we performed transient cotransfection assays in QT6 cells, using a reporter with lyzed myeloblasts transformed by a mutant E26 virus (ts21E26) carrying a temperature-sensitive allele of the five multimerized Ets binding sites and an expression construct of p68 ets-1 driven by a cytomegalovirus (CMV) v-myb gene. These cells can be induced to differentiate into macrophages by shift to the nonpermissive temperenhancer-promoter. MafB repressed the transactivation by Ets-1 but had no effect on the basal activity of ature (Beug et al., 1984) . As shown in Figure 4c , mafB the reporter ( Figure 5A ). This effect was not due to an together with combinations of expression constructs for p68 ets-1 and MafB. As shown in Figure 6A , MafB almost influence on the CMV enhancer-promoter, since a luciferase reporter driven by this promoter was not affected completely suppressed the activation by Ets-1 but had no effect on the basal activity of the TfR construct. MafB by MafB cotransfection and no changes in Ets-1 protein levels were observed by Western blotting (data not also repressed the activity of endogenous Ets-1 on the TfR promoter. Transfection of increasing amounts of shown). A repressive effect of MafB on Ets-1 transactivation was also observed in yeast. The activation of an MafB expression plasmid into the Ets-1-expressing (Ghysdael et al., 1986) erythroblast cell line HD3 re-EBS reporter plasmid by p68 ets-1 was repressed 3-to 4-fold by MafB coexpression ( Figure 5B) . Furthermore, pressed a cotransfected TfR reporter in a dose-dependent manner ( Figure 6B ). A promoter with a mutation in the repression by MafB was not due to a general repressive effect on transcriptional activation, since the Ets binding site that abolished Ets-1 DNA binding (data not shown) had a dramatically reduced activity in MafB showed no effect on transactivation by v-Myb ( Figure 5C ).
HD3 cells. This basal activity was not further repressible by MafB, emphasizing the Ets-1-specific effect of MafB ( Figure 6B ). Finally, to investigate whether MafB also MafB Represses the Transactivation of the Transferrin Receptor Gene by Ets-1 repressed the endogenous transferrin receptor gene, we stably transfected HD3 erythroblasts with a MafB/ Ets-1 is expressed in early erythroid cells (Ghysdael et al., 1986; Qué va et al., 1993) and activates erythroid neo R expression plasmid followed by G418 selection. As shown in Figure 6C , four randomly chosen HD3 clones genes such as the transferrin receptor (J. F. et al., unpublished data; Seth et al., 1993) . To investigate whether overexpressing MafB showed approximately a 2.5-fold lower level of TfR mRNA than four randomly chosen the inhibitory effect of MafB on Ets-1 activity plays a role in the repression of erythroid genes, we studied the control clones (transfected with a neo R control vector). This was also reflected in reduced cell-surface immunotransferrin receptor (TfR). This protein is expressed at very high levels in erythroblasts to satisfy the need for fluorescence staining of TfR (data not shown). iron in hemoglobin synthesis (Chan et al., 1989; Horton, 1983; Hu et al., 1977; Iacopetta et al., 1982; Sieff et al., Overexpression of MafB in Erythroblasts Suppresses Erythroid Differentiation 1982) but only at low levels in myelomonocytic cells (Omary et al., 1980; Sieff et al., 1982) . To test whether It has been demonstrated that interfering with heme synthesis inhibits erythroid differentiation. Thus, inhibiMafB affects the transactivation of the TfR by Ets-1, we transfected QT6 cells with a luciferase reporter gene tion of transferrin receptor recycling blocks the differentiation of both primary and established erythroblasts driven by a Ϫ117 to ϩ55 fragment of the TfR promoter transformed by a ts mutant of the avian erythroblastosis domain of Ets-1. MafB is specifically expressed in the virus (Killisch et al., 1992; Schmidt et al., 1986 ). Theremyelomonocytic lineage of the hematopoietic system fore, we examined whether the observed MafB-mediand represses Ets-1-mediated transactivation of the ated repression of Ets-1 activity on the TfR resulted in transferrin receptor gene. Consistent with the known an inhibition of differentiation. As shown in Figure 7A , requirement for transferrin receptor activity for erythroid expression of both ␣-and ␤-globin was dramatically differentiation, overexpression of MafB in erythroblasts reduced in the MafB-HD3 clones compared with the inhibits their differentiation into erythrocytes. These vector-transfected control clones, suggesting that MafB results raise the possibility that MafB represses Ets-1-indeed represses erythroid differentiation. To explore responsive erythroid genes in the myeloid lineage. this possibility further, HD3 cells were induced to differentiate terminally by shifting them from 35ЊC-42ЊC, the Mechanism of Ets-1 Repression by MafB nonpermissive temperature (Beug et al., 1982a (Beug et al., , 1982b  Several mechanisms have been implicated in the repres- Graf et al., 1978) . As shown in Figure 7B , in the five sion of transcriptional activation (Johnson, 1995) : first, control clones tested, more than 60% of the cells differinterference with DNA binding of an activator protein; entiated into hemoglobin-positive cells within 80 hr at second, interference with the general transcriptional 42ЊC. By contrast, the five MafB clones tested showed machinery; and third, interference with the activator delayed kinetics of hemoglobin expression and exhibfunction of a DNA-bound activator. The first mechanism ited only 30% positive cells after 80 hr of temperature can be excluded, since activation of the reporter gene shift. This was reflected in the reduced levels and dein the yeast one-hybrid assay requires DNA binding of layed kinetics of ␣-and ␤-globin expression in two ranEts-1. MafB also does not act on the general transcripdomly selected MafB clones compared with two control tion machinery, since it does not ablate basal promoter clones ( Figure 7C) . activity or affect the transactivation by v-Myb. The most Since MafB has been reported to transform fibroblasts plausible mechanism, therefore, is that the activator (Kataoka et al., 1994) , the inhibition of erythroid differenfunction of DNA-bound Ets-1 is masked by the interactiation by MafB could simply have been due to an intion with MafB. creased proliferative rate of the transfected cells. This DNA binding of MafB, on the other hand, does not explanation could be excluded, however, since no differappear to be necessary for the interaction with Ets-1 or ence in the growth rate between MafB-expressing HD3 for its repressor function, as demonstrated by the in vitro clones and the control clones was found ( Figure 7D) . interaction assays and the absence of Maf recognition elements in the studied promoters. However, the possiDiscussion bility remains that MafB would also repress Ets-1 on a promoter where both proteins bind to DNA. In the present study, we have identified MafB as a direct
Besides the repressor function demonstrated in this interaction partner of Ets-1. This interaction occurs between the bZip domain of MafB and the DNA-binding study, MafB has also been shown to activate synthetic reporter constructs weakly with multimerized Maf rehowever, indicate that AP-1 factors do not always synergize with Ets proteins but can also be repressive. The cognition elements (Kataoka et al., 1994) . Although a transactivation potential on authentic promoters still reinhibitory action of MafB represents a novel strategy for the regulation of Ets activity within the Ets/AP-1 protein mains to be determined, it is conceivable that MafB may have a dual function as a repressor or activator network, which also differs from the repression of the Ets protein pointed by the dominant negative Ets factor depending on the promoter context, the interaction partner, or both; as is well documented for several other yan in R7 cells of the Drosophila eye (Brunner et al., 1994; Lai and Rubin, 1992; O'Neill et al., 1994) . transcription factors (Bengal et al., 1992; Ponta et al., 1992; Roberts and Green, 1995) .
Mechanism of MafB-Induced Inhibition of Erythroid Differentiation Implications for the Cross-Talk Between Ets and AP-1 Family Proteins
Our results indicate that the observed inhibition of erythroid differentiation by MafB is a consequence of the As reviewed in the Introduction, AP-1 and Ets proteins functionally cooperate according to genetic and molecrepression of Ets-1 activity. More trivial explanations, such as induction of proliferation or a general block of ular criteria in several systems. In this study, we have now demonstrated a direct physical interaction between differentiation, can be excluded, since MafB did not affect growth of the HD3 erythroblasts and MafB expresmembers of the two transcription factor families. Independently, Bassuk et al. (1995) have also found a direct sion increases dramatically during differentiation of ts21E26-transformed myeloblasts into macrophages. association of Ets and Jun family proteins. Our results, Therefore, the repressive effect on the TfR gene offers Potential Roles of MafB in Lineage-Specific Gene Expression the simplest explanation for the inhibition of erythroid differentiation by MafB. While the metabolism of all eukIn the hematopoietic system, MafB is expressed specifically in macrophages and their precursors, in contrast aryotic cells requires iron, hemoglobin synthesis in erythroid cells accounts for a vastly increased need for iron with all other Maf family members described so far. The observed expression in other tissues such as bursa, gut, and high levels of transferrin receptor expression (Chan et al., 1989; Horton, 1983; Hu et al., 1977; Iacopetta et liver, and spleen may, therefore, to a large extent be a consequence of the macrophages present in these al., 1982; Sieff et al., 1982) . These high levels are essential for erythroid differentiation, since a 2-to 3-fold inhibiorgans. This assumption is supported by in situ hybridization experiments in chick embryos, which showed tion of iron uptake with ␣-TfR antibodies has been shown to be sufficient to block the differentiation of HD3 erythspecific expression of MafB in resident tissue macrophages of several organs (M. H. S. and A. Eichmann, roblasts (Killisch et al., 1992; Schmidt et al., 1986) . By contrast, antibodies that completely block receptor unpublished data).
Our results raise the possibility that MafB contributes function are cytotoxic, probably reflecting the need for basic levels of iron in general metabolism. These obserto the establishment and maintenance of the myelomonocytic phenotype by preventing erythroid-specific vations are consistent with the notion that the observed 2-to 3-fold repression of the endogenous TfR gene by gene expression. This notion is supported by several observations. First, myelomonocytic cells retain a high MafB in HD3 cells inhibits their differentiation. Furthermore, the finding that the repression of the TfR promoter degree of plasticity in their differentiation potential. Thus, we have recently shown that ectopic expression is dependent on Ets-1 binding sites strongly suggests that the observed down-regulation of the endogenous of GATA-1 in myelomonocytic cell lines can reactivate the erythroid differentiation program (Kulessa et al., TfR and the subsequent inhibition of differentiation are a direct consequence of the binding and repression of 1995). This indicates that erythroid-specific genes are still accessible to transcriptional activators and sugEts-1 by MafB.
Erythroid differentiation can also be blocked by pregests a need to keep them repressed during normal myelomonocytic differentiation. Second, while Ets-1 is venting heme production with specific inhibitors of porphyrin biosynthesis (Schmidt et al., 1986) . In this context, expressed both in erythroid and myeloid cells, MafB expression is limited to the latter, where it could act as it is interesting that MafB can also repress Ets-1 transactivation of the erythroid-specific promoter of porphosafeguard against inappropriate Ets-1 activity. Third, in contrast with its high expression in erythroid cells, TfR bilinogen deaminase (PBGD), an enzyme in this pathway (unpublished data). Therefore, it is conceivable that the expression decreases during myelomonocytic differentiation (Omary et al., 1980; Sieff et al., 1982 ; J. F. et al., repression of other genes required for hemoglobin synthesis, such as PBGD, may also contribute to the obunpublished data), correlating with an increase of MafB expression. served inhibition of erythroid differentiation by MafB.
Our results support a model in which lineage choice in the hematopoietic system is determined by a reciprocal Influence on NF-E2 Activity The activity of several erythroid-specific promoters is relationship between the activation of a particular pathway and the suppression of another. The differentiation dependent on binding sites for NF-E2 (Higgs and Wood, 1993) . Since the small subunit of this heterodimeric tranalong the myeloid versus the erythroid lineage thus may not only require a distinct combination of transcriptional scription factor is a member of the Maf family (Andrews et al., 1993b; Igarashi et al., 1994) , one might speculate activators but also the activity of an appropriate set of inhibitors, one of which could be MafB. that direct interference of MafB with NF-E2 activity could contribute to the inhibition of erythroid differentiation. However, several lines of evidence argue against such Experimental Procedures a mechanism. MafB neither binds to NF-E2 sites (Igarashi et al., 1994) nor does it heterodimerize with the small
Origin of Cell Lines
Mafs (Kataoka et al., 1994) or the large NF-E2 subunit, The QT6 cell line was derived from a chemically induced quail tumor and has been described as fibroblastic (Moscovici et al., 1977) . The the cap 'n' collar (cnc) family member p45 (Igarashi et , 1994) . It also does not bind to Ech (M.H.S., H.T., J.F., a temperature-sensitive mutant of avian erythroblastosis virus with and T.G., unpublished data), another recently identified a lesion in v-erbB (Beug et al., 1982a) . The origin of the RPL12, REVchicken p45-related protein of the cnc family (Itoh et transformed NPB-4, MSB-1, HD37, HD50, BM2C2, and HD11 cell al., 1995) . Furthermore, whereas the small Maf proteins, lines is described in McNagny et al. (1992) . The origin of the HD13 supposedly acting as homodimers, strongly repress NFand HD50-3DA cell lines is described in Kulessa et al. (1995) . The E2 site-containing reporters (Igarashi et al., 1994; Ka- HD50-4/8 eosinophil line has not been published. taoka et al., 1995) , overexpression of the small Maf protein MafK does not interfere with erythroid differentiation Construction of the cDNA Library From a subconfluent culture of QT6 cells, poly(A) ϩ RNA was isolated . This indicates that even the overusing the protocol of Chomczynsky and Sacchi (1987) library had a complexity of 2 ϫ 10 6 , and the insert size ranged from were transfected by the lipofectamin method (BRL) with 10 l of reagent and 15 min incubation time using 0.2 g reporter and the 0.4-5 kb, with an average of 1.6 kb.
indicated amount of expression plasmids per sample. Cell lysates were prepared 48-72 hr after transfection and assayed for luciferase Construction of the Yeast Ets Reporter Strain activity, as described in deWet et al. (1987) . Transfection efficiency and Design of the Interaction Screen was normalized by assaying for ␤-galactosidase activity expressed The reporter construct was generated by inserting five head-to-tail from 0.5 g of cotransfected RSV-␤-galactosidase plasmid ligated copies of the oligo 5Ј-TCGAGCAGGAAGTTTCG-3Ј, which (Bonnerot et al., 1987) , as described in Herbomel et al. (1984) . Each contains the PEA3 Ets binding site from the polyoma virus enhancer data point was obtained by averaging of triplicate samples, and each (Martin et al., 1988) into the XhoI site of pLG670Z (Guarente and figure shown is representative for a set of at least two independent Ptashne, 1981). The plasmid was converted from uracil-to histidineexperiments. MafB was expressed from the avian erythroblastosis conferring auxotrophy by inserting a BamHI-excised HIS3 cassette virus LTR of the pMI3 vector (Introna et al., 1990) and Ets-1 from from YDp-H (Berben et al., 1991) into the blunted ApaI site in the the CMV enhancer-promoter in the pCRNCM vector (Lim et al., URA3 marker. The control reporter plasmid contained an equal-1992). The synthetic Ets responsive reporter contained five multilength insert lacking Ets binding sites. The bait plasmid was conmerized PEA3 elements (Martin et al., 1988) in front of a minimal structed by inserting a PCR-generated fragment coding for amino thymidine-kinase promoter (Lim et al., 1992) . A Ϫ117 to ϩ55 fragacids 282-485 of chicken p68
ets-1 between the BamHI and EcoRI ment of the human TfR promoter (Owen and Kü hn, 1987) was cloned sites of the galactose-inducible expression vector pSD.04a (Dalton into the luciferase reporter plasmid pXP2 (deWet et al., 1987) . The and Treisman, 1992) . Since the ATG from the yeast cyc-1 gene is Ets binding site at Ϫ72 to Ϫ79 in the TfR promoter was mutated used in this plasmid, the amino acid sequence MTGS is fused to from 5Ј-CAGGAAGT-3Ј to 5Ј-CAGTACTT-3Ј. the amino terminus of the Ets-1 sequence. The two plasmids were transformed into the Saccharomyces cerevisiae strain W303-1A (MATa, ho, 15; 112; ura3; Protein Interaction Assays in Solution and maintained by selection on SD His Ϫ , Trp Ϫ medium. The library Ets⌬TA or its derivatives were cloned into the GST fusion vector was transformed into the strain by a lithium acetate method as pGEX-2T (Smith, 1993 ) using available restriction sites or PCR-medidescribed by Gietz and Schiestl (1991) with the modification of addated strategies. The amino acid junctions of the GST vector with ing 10% dimethyl sulfoxide before heat shock. Cells were plated on the Ets sequence (in bold type) are: constructs 106/116, GSPHMGR; nitrocellulose filters on glucose plates lacking histidine, tryptophan, construct 117, GSPHKFSRG; construct 118, GSPHMLSGSMGPI; and uracil. After 48 hr, when small colonies appeared, the filters construct 119, GSPHKLS; construct 120, GSPHMLSGSSLL. The were transferred to selective plates containing 2% galactose, 40 g/ GST constructs were transformed into E. coli strain Xl-1 Blue (Straml X-Gal and 100 mM Na-phosphate buffer (pH 7.0). Blue colonies tagene). Bacteria were grown to an OD 600 of 0.6-0.8 and shifted to appearing between 36-96 hr after galactose induction were re-30ЊC for 3.5 hr after induction of protein expression with 0.1 mM streaked on selective X-Gal-containing glucose and galactose IPTG (Sigma). To purify GST proteins, we prepared cell lysates as plates. Only galactose-dependent blue colonies were analyzed furdescribed in Frangioni and Neel (1993) and Smith (1993) and incuther and grown for 48 hr in full YPD medium and then replica-plated bated them with glutathione sepharose 4B resin (Pharmacia) for 1 hr on appropriate selective plates to identify colonies that had lost at 4ЊC, followed by washing with phosphate-buffered saline, 0.05% either the bait (TRP1 marker) or library plasmid (URA3 marker). These Triton X-100 plus protease inhibitor mix (phenylmethylsulfonyl fluoclones were restreaked on X-Gal indicator plates to eliminate the ride, leupeptin, aprotinin, soy bean trypsin inhibitor). In vitro transclones not dependent on the library or bait construct for reporter lated proteins were generated with a rabbit reticulocyte in vitro activity. Plasmid DNA was isolated from the remaining clones by a transcription/translation system (TNT [Promega]) using T7 RNA rapid purification protocol (Hoffman and Winston, 1987) of binding buffer (50mM Tris-HCl [pH 7.5], 150mM NaCl, 0.05% Triton library plasmids identified three homology groups, one of which X-100, protease inhibitor mix) and incubated with 10 l of GST was represented by clone 99. Both strands were sequenced for protein-loaded resin for 1 hr at 4ЊC. After five washes in 1 ml of verification. The coding sequence for the 28 N-terminal amino acids binding buffer, the complexes were dissociated in 20 l sample and 5Ј untranslated sequences missing in the initially isolated library buffer (50 mM Tris-HCl [pH 6.8] 2% SDS, 5% ␤-ME, 10% glycerol, plasmid were cloned by PCR with two nested specific primers in 0.02% Bromphenol blue) and separated by 12.5% SDS-PAGE (Harclone 99 (primer 1, 5Ј-GCAGGCGGGTGCAGTGC-3Ј; primer 2, 5Ј-TG low and Lane, 1988) . After staining the gel with Coomassie blue, we CAGTGCCTGCCCGAGCGGTCGTTCC-3Ј) and a primer in VP16 (5Ј-enhanced it with dimethyl sulfoxide/2,5-diphenyloxazole fluorogra-GCGCTCTGGATATGGCCG-3Ј). Several PCR products of different phy (Harlow and Lane, 1988) and exposed it to X-ray film for 4-12hr. lengths were sequenced in the coding region of the N-terminus. The sequence of the 5Ј untranslated region submitted to the European Molecular Biology Laboratory databank corresponds to the longest Protein Interaction Assay in Avian Cells isolated PCR product.
Per condition, three 60 mm dishes with 1 ϫ 10 6 QT6 cells were cotransfected by the Ca-phosphate method (Graham and van der Transactivation Assays in Yeast Eb, 1973) with 2 g each of MafB⌬N or Ets/118 expression conThe W303-1A strain was transformed with the indicated combinastructs or both and, after 48 hr, metabolically labeled with 250 Ci tion of plasmids by the modified lithium acetate method and plated [ Ϫ , Ura -selective conditions. Single colonies were cells with phosphate-buffered saline, we lysed them in 1.5 ml of restreaked on selective plates, from which triplicate cultures in 1 lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1% NP-40) for ml selective synthetic galactose medium for each condition were 20 min and then sonicated them six times at 5 s each at setting 2, inoculated and incubated for 24 hr at 30ЊC. Cells were harvested using a continuous 70% duty cycle of a Branson sonifier. The lysates by centrifugation, washed, permeabilized by freezing on dry ice, were cleared by centrifugation onto a 30% sucrose cushion for 10 and assayed for ␤-galactosidase activity in a liquid enzyme assay, min at 5000 rpm in an HB-4 rotor and then incubated with 30 l of using ONPG (Sigma) essentially as described in Harshman et al. Ni 2ϩ agarose beads (Quiagen) for 90 min on a wheel. After three (1988) . Enzyme activities were normalized to cell number as meawashes with lysis buffer, complexed proteins were eluted by incubasured by the optical density of the cell suspension at 600 nm. tion with 2 ϫ 100 ml of 50 mM Tris-Cl [pH 7.5], 1 M NaCl, 1% NP-40, for 30 min each. Eluate (150 l) was diluted with 850 l of 50 mM Tris-Cl [pH 7.5], 1% NP-40, and incubated overnight with 10 Transactivation Assays in Avian Cells QT6 cells (2.5 ϫ 10 5 cells/35 mm plate) were transfected by the l of protein G-sepharose (Pharmacia) that had been preloaded with 4 g of ␣HA mouse monoclonal 12CA5-I (Babco). After three calcium phosphate coprecipitation procedure (Graham and van der Eb, 1973) using 0.5 g reporter and the indicated amount of expreswashes with lysis buffer, proteins were eluted from the beads with 20 l of sample buffer and analyzed by SDS-PAGE, as described sion plasmids per sample. HD3 cells (2 ϫ 10 6 cells/35 mm dish)
